Abstract Post-contrast myocardial T1 (T1 myo,c ) values have been shown to be sensitive to myocardial fibrosis. Recent studies have shown differences in results obtained from T1 myo,c and extracellular volume fraction (ECV) with respect to percentage fibrosis. By exploring the relationship between blood plasma volume and T1 myo,c , the underlying basis for the divergence can be explained. Furthermore, dose administration based on body mass index (BMI), age and gender can mitigate the divergence in results. Intersubject comparison of T1 myo,c required adjustment for dose (in mmol/kg), time and glomerular filtration rate. Further adjustment for effective dose based on lean muscle mass reflected by blood/plasma volume was performed. A test case of 605 subjects from the MESA study who had undergone pre-and post-contrast T1 mapping was studied. T1 myo,c values were compared between subjects with and without metabolic syndrome (MetS), between smoking and non-smoking subjects, and subjects with and without impaired glucose tolerance, before and after dose adjustment based on plasma volume. Comparison with ECV (which is dose independent), pre-contrast myocardial T1 and blood normalized myocardial T1 values was also performed to validate the correction. There were significant differences in T1 myo,c (post plasma volume correction) and ECV between current and former smokers (p value 0.017 and 0.01, respectively) but not T1 myo,c prior to correction (p = 0.12). Prior to dose adjustment for plasma volume, p value was \0.001 for T1 myo,c between MetS and nonMetS groups and was 0.13 between subjects with and without glucose intolerance; after adjustment for PV, p value was 0.63 and 0.99. Corresponding ECV p values were 0.44 and 0.99, respectively. Overall, ECV results showed the best agreement with PV corrected T1 myo,c (mean absolute difference in p values = 0.073) and precontrast myocardial T1 in comparison with other measures (T1 myo,c prior to correction, blood/plasma T1 value normalized myocardium). Weight-based contrast dosing administered in mmol/kg results in a bias in T1 values which can lead to erroneous conclusions. After adjustment for lean muscle mass based on plasma volume, results from T1 myo,c were in line with ECV derived results. Furthermore, the use of a modified equivalent dose adjusted for BMI, age, sex and hematocrit can be adopted for quantitative imaging.
Introduction
Non-ischemic cardiomyopathy is frequently associated with diffuse myocardial fibrosis. Although late gadolinium enhancement (LGE) is excellent for depicting focal myocardial scar, diffuse fibrosis may show only minimal variation in intensity on LGE images since each voxel contains normal and abnormal myocardium. Recent studies have reported shorter post-contrast T1 myocardial times (T1 myo,c ) in the case of diffuse fibrosis [1, 2] . Prior and subsequent studies have shown significant differences in T1 myo,c between normal population and subjects with heart & Neville D. Gai gaind@cc.nih.gov failure [1] , chronic aortic regurgitation [3] , cardiac amyloidosis [4] and idiopathic dilated cardiomyopathy [5] among other conditions. T1 myo,c continues to be used as a marker for cardiac disease alongside ECV and pre-contrast myocardial T1, especially when pre-contrast T1 values are highly inaccurate as in legacy studies where post-contrast T1 values derived from TI scout scans (inversion recovery Look Locker with 2 R-R interval acquisition) are only available.
Although several studies have shown T1 (and other derived values such as ECV) differences between healthy and fibrotic myocardium, there have been only a handful of studies showing histological correlation. The difficulty in obtaining histological correlates can be easily appreciated in human studies. Nevertheless, T1 myo,c has been histologically validated with percentage change in fibrosis [1, 2, 6] . One recent histological correlation study performed in segmented sections of six explanted hearts of heart transplantation patients showed a strong statistically significant linear relationship between ECV and intra-and inter-patient histological collagen fraction but only showed a strong statistically significant inverse linear relationship between T1 myo,c and intra-patient histological collagen fraction [7] . Animal models have shown moderate (ECV vs collagen volume fraction, p = 0.013 [8] ) to strong correlation (ECV vs fibrosis, p \ 0.001) [9] . Another longitudinal study in canines found disagreement between percentage fibrosis vis-à-vis T1 and ECV [10] . While the mean change in collagen volume fraction was relatively small (from 0.9 to 1.9 %), the change in T1 was relatively large (decreased by 24.9 %) while ECV increased from 0.21 to 0.22 (a change of 4.5 %). The authors observed the need to explain this discrepancy. Some of the variability in relating T1 (or ECV) can be attributed to inaccuracies in the mapping techniques used. The commonly used MOLLI sequence has been shown to exhibit dependency on B0 and B1 field homogeneity, T2 and heart rate [11, 12] . Longer T1 values are typically underestimated and show a greater dependency on heart rate. Variations of the MOLLI acquisition scheme [13] can perform better at estimating longer pre-contrast blood and myocardium values. However, T1 myo,c being shorter is more accurately determined and shows much reduced heart rate related variation. Other less commonly used cardiac T1 mapping schemes also exhibit shortcomings such as poorer precision or accuracy. On the other hand, T1 derived value such as ECV is relatively independent of dose which has a substantial impact on post-contrast T1 values.
Variability due to kinetics of the contrast agent exists in the case of post-contrast T1 mapping. In order to derive inferences regarding tissue composition of the myocardium using gadolinium contrast, it is necessary to normalize differences between subjects based on dose, time and glomerular filtration rate. A previous work explored the relationship between dose, time, GFR and T1 myo,c [14] . An analytical solution was proposed which allowed for normalization between different subjects. It was shown that dose had a significant impact on post-contrast T1 values.
For example, assuming average physiological parameters and kinetics at time = 10 min post-contrast, T1 pre = 1220 ms [15] and r 1 = 4.1 (mM s) -1 [16] , an increase in dose from 0.15 to 0.17 mmol/kg would result in T1 post decreasing from 555 to 517 ms (a 7.3 % decrease). Since many studies that compare healthy to fibrosed myocardium depend on mean differences between the two populations that are of the order of tens of milliseconds, it is easy to understand how dose variation can significantly impact end inferences.
In this study, we focus our attention on the use of equivalent dose between subjects based on millimoles per kilogram. When dose is standardized to body weight, this infers a linear relationship between body weight and blood plasma volume or lean muscle. However, it is well known that blood volume (BV) per unit weight decreases with increasing weight [17] so that obese subjects will have less blood volume than anticipated by standard dosing in mmol/ kg. As a result, a higher concentration of dose in blood (and consequently plasma through the hematocrit) is delivered to heavier subjects. Since T1 myo,c value depends on the exchange of contrast between the plasma compartment and the tissue compartment, the values in the myocardium will be biased to a lower value than expected for larger subjects. Such a bias can complicate interpretation of results. This is even more so since obese patients could typically be more risk prone and likelier to have cardiac disease. A lower T1 value in such subjects could then be misrepresented as reflecting fibrosis but in reality would be a result of the higher initial dose.
It is generally agreed that the normal human blood volume is about 5-6 l. With progressive body fat, total BV increases as body mass increases but BV measured in ml/ kg actually decreases in a non-linear manner with increasing weight. Although a dual isotope, dual tracer technique is considered the gold standard for BV measurement, the process is cumbersome and entails exposure to radioactivity. More recently, a FDA approved single isotope ( 131 I) method is now commonly employed at major institutions to determine blood volume [18] . Indirect methods established based on body weight disregard body composition despite using different values for males and females. BV calculated using body surface area was found to be more accurate [19] although a ±25 % variation from the normal predicted value was expected in the general population [20] . Later, Feldschuh and Enson [17] used data from 160 individuals (80 M/80 F) in the Metropolitan Life Insurance Company height and weight tables and showed that a curvilinear relationship of body weight deviation from ideal body weight to BV accurately estimates true blood volume as determined from nuclear studies. More recently, Lemmens et al. [21] successfully captured graphical information from different studies relating blood volume per kg to BMI in an analytical form and showed excellent correlation to the more accurate of earlier studies.
Here, we explore the relationship between blood plasma volume and T1 myo,c . Examples of how erroneous contrast dosing based on standard mmol/kg can bias results are then presented. One test case was that of metabolic syndrome (MetS) because of its association with BMI as well as possible cardiac disease. MetS is defined as the co-occurrence of three out of five of the following risk factors: elevated blood pressure and plasma glucose, central obesity, high serum triglycerides and low high density cholesterol (HDL) levels. First a comparison between T1 myo,c values (derived with standard dose in mmol/kg and corrected for physiological variations) in subjects with metabolic syndrome (MetS) against subjects without MetS from the Multi-Ethnic Study of Atherosclerosis (MESA) cohort was carried out. Next an adjustment for dose based on plasma volume was derived and normalized values were once again compared for the two groups. A similar comparison was carried out between smokers and non-smokers and subjects with and without impaired glucose tolerance. The results obtained with T1 myo,c were compared with results using ECV. Other measures including pre-contrast myocardial T1, blood and plasma T1 normalized myocardial T1 were also calculated and compared with ECV.
Methods

Blood plasma volume calculation
From [21] , BV can be calculated using the following two equations for males and females, respectively.
BV M and BV F are the blood volumes expressed in ml/kg in males and females, respectively. Plasma volume (PV) is then given by PV ffi BV Â ð1 À ½HctÞ ð2Þ
where [Hct] is the hematocrit. Once the plasma volume is determined, the total contrast dose administered in ml is divided by the plasma volume to determine a scaling factor for the dose represented in mmol/kg.
The steps involved in achieving the correction are as follows:
1. Determine PV for males and females based on Eqs. (1) and (2). 2. Calculate DPV = [Dose in ml]/PV. 3. Now correct the mmol/kg dose (D) using
, where DPV m is the mean DPV across all subjects. 4. This D 0 is then used to correct for differences in dose between subjects as detailed in [14] .
Using Eqs. 1 and 2, one can simulate the dose and T1 variation resulting from constant weight individuals with different BMIs, ages and for each gender. Other physiological parameters like GFR and [Hct] as well as the contrast kinetics are assumed constant to better understand the variation resulting from blood plasma volume. A study comparing T1 myo,c values would then have to normalize for the different doses between the subjects.
Example studies
A total of 605 subjects from the MESA study, who had undergone pre and post contrast (gadolinium dimeglumine) T1 mapping at 1.5 T, and who had complete demographical and physiological parameters as well as hematocrit data available were studied. MESA is a multi-center study and the review boards of all participating centers approved the study and all participants gave written informed consent after the procedure had been fully explained. T1 mapping using the MOLLI sequence [22] was performed 12 min after a bolus dose of 0.15 mmol/kg based on subject weight was injected.
MetS study
Of the 605 subjects, 177 were classified with MetS while the rest (N = 428) did not fall into the category and were used for comparison. The demographics for the two groups are provided in Table 1 .
Post-contrast myocardial T1 values were normalized for differences in dose and GFR as described in [14] . The T1 values for the two groups were compared using Student's t test. This was done prior to and after dose adjustment based on blood plasma volume. Tables 2 and 3 provide relevant demographical and physiological information for current, former and non-smokers. Of the 605 subjects, 48 were current smokers, 265 were former smokers while 287 had never smoked. Five subjects were not included as information on smoking habits was not available.
Smoking study
Impaired glucose study
Subjects with untreated impaired glucose tolerance were compared to subjects with normal glucose tolerance. Demographical details are shown in Table 4 .
Comparison to ECV
To test our hypothesis that disparity in results obtained with ECV values against results from post-contrast myocardial T1 values is a result of incorrect dosing when calculated in mmol/kg, we compared ECV results with post-contrast T1 results prior to and after dose adjustment.
Normalization with blood pool
In the absence of availability of pre-contrast T1 values (and hence ECV), one technique that has been employed to normalize for the dose and physiological variation is to divide T1 myo,c by T1 bl,c (post-contrast T1 of blood at the same time point). Accordingly, this measure along with normalization with the hematocrit adjusted plasma T1 pl,c (defined as T1 bl,c 9 [1 -Hct]) was explored as an alternative to performing the correction as described in this work. Note that it is the contrast in the plasma which exchanges with the cardiac tissue and hence should provide more accurate normalization than T1 bl,c .
Statistical analysis
All data were analyzed in Matlab Ò . Relative comparison of the measures was performed using a one-sided Student t test. T values and degrees of freedom (df) were calculated for unequal sample sizes and unequal variances. p Values were calculated based on the t value and df. A one-sided test was used to avoid misinterpretation of results. For example, post-contrast T1 value in fibrosed myocardium has been shown to be shorter than in normal myocardium while pre-contrast T1 value is expected to be longer in fibrosed myocardium. Similarly, ECV value is higher in fibrosed myocardium and lower in normal myocardium. In addition, Pearson correlation was employed to study 
Results
Simulation Figure 1 shows the variation in dose for male and female subjects when the same amount of gadolinium dose (in ml) is given to individuals with the same weight but different ages and BMIs. Figure 2 shows the resulting variation in T1 values. In Figs. 1 and 2 , BMI varies from 10 to 50 kg/ m 2 while age varies from 40 to 80 years. For males and females in the example shown, a dose of 0.15 mmol/kg occurs at BMI = 27 kg/m 2 and age 53 years. Although the plots for both genders look similar, the range of T1 values is slightly different for males (350-580 ms) as compared to females (350-585 ms) due to differences in blood volume in ml/kg.
The mean dose change (|Dose uncorr -Dose corr |/Dose uncorr ) across the 605 MESA subjects after adjustment for blood plasma volume was 9.1 % while the maximum dose adjustment was 29 %. Mean T1 across 605 subjects was 451.9 ± 37.3 ms prior to plasma volume related dose correction and 453.8 ± 40.3 ms after correction. Mean change in post contrast myocardial T1 was 4.7 % while the maximum change was 32.7 %.
MetS
T1 myo,c showed statistical difference between MetS and non-MetS subjects (p \ 0.0001) prior to correction. After correction for BV, myocardial T1 value in non-MetS was 452.5 ± 37.8 and 456.1 ± 38.1 ms in MetS subjects (p = 0.86). After including [Hct] to determine plasma volume variation, myocardial T1 value in non-MetS subjects was 453.4 ± 40.9 ms and was 454.6 ± 38.7 ms in subjects with MetS (p = 0.63).
Smoking
Prior to correction for plasma volume, T1 myo,c showed no statistically significant difference between current and former smokers (T1 myo,c = 449.5 ± 34.4 vs 456 ± 35.5 ms, p = 0.12) and between smokers and non-smokers (T1 myo,c = 448.4 ± 39.2 ms, p = 0.42) but showed a statistically significant difference between smokers and former smokers (445.4 ± 35.1 vs 457.6 ± 39.3 ms, p = 0.017) after PV based correction; the difference between smokers and subjects who had never smoked (451.6 ± 41.6 ms) was not significant (p = 0.137).
Impaired glucose
T1 myo,c of patients with impaired tolerance to glucose showed no correlation to T1 myo,c of subjects with normal tolerance (455.4 ± 35.9 vs 451.1 ± 37.9 ms, p = 0.86) prior to plasma volume related adjustment. After adjustment, they were strongly uncorrelated (p = 0.99, 1 tailed).
Comparison to ECV
There was no statistically significant difference in ECV values for subjects with and without MetS (0.270 ± 0.026 vs 0.2696 ± 0.032, p = 0.44) while showing significant differences between smokers and former smokers (0.279 ± 0.030 vs 0.268 ± 0.031, p = 0.01) and between smokers and non-smokers (0.271 ± 0.03, p = 0.043). Subjects with normal glucose had an ECV value of 0.271 ± 0.031 which was higher than subjects with impaired glucose, who had a ECV value of 0.262 ± 0.03 (p value = 0.99).
Normalization with blood pool T1 myo,c /T1 bl,c values were 1.463 ± 0.094 for smokers and 1.5 ± 0.11 for former smokers (p = 0.008) while it was 1.515 ± 0.104 (p = 0.007) for subjects who had never smoked. T1 myo,c /T1 bl,c values were 1.498 ± 0.107 and 1.522 ± 0.099 (p value = 0.99) for subjects with non-METS and with METS, respectively. T1 myo,c /T1 bl,c values for subjects with normal glucose was 1.499 ± 0.105 while it was 1.506 ± 0.11 for those with impaired glucose (p = 0.253). Table 5 shows the p values obtained with the four different comparison studies for the six measures calculated. Mean absolute difference between ECV and the other measures showed differences of 0.45, 0.078, 0.073, 0.33 and 0.13 for T1 myo,c , T1 pre , T1 myo,c (PV adjusted), T1 myo,c / T1 bl,c and T1 myo,c /T1 pl,c , respectively. When results obtained from the four comparison tests were analyzed, Pearson correlation between T1 myo,c and ECV improved from -0.41 to 0.98 after correction. Other correlation values were 0.99, 0.35 and 0.94 for T1 pre , T1 myo,c /T1 bl,c and T1 myo,c /T1 pl,c . Consequently, T1 myo,c (PV adjusted) and T1 pre showed the closest correspondence with ECV results and could be used instead of ECV.
Overall, Pearson correlation between T1 myo,c and ECV for the 605 subjects improved from r = -0.6 to r = -0.78 after dose adjustment and normalization (Fig. 3) .
Discussion
We have shown that the assumption of equivalent contrast dose based on mmol/kg between subjects leads to bias in post-contrast T1 values. Legacy T1 data are typically derived from available TI ''scout'' scans used for delayed enhancement [23] and not from dedicated T1 mapping sequences such as MOLLI as done here. Consequently, the inversion recovery Look-Locker sequence (IR-LL) using just 2 R-R intervals (as was done prior to the advent of newer cardiac T1 mapping techniques) for recovery is unsuitable for deriving longer native T1 values. Therefore, inferences are drawn based solely on post-contrast myocardial and blood T1 values in such studies. ECV was used as the standard for comparison since ECV is relatively insensitive to the dose administered and to other physiological parameters. Although native (precontrast) T1 of myocardium showed better discrimination between smokers and non-smokers, it is more likely a result of dependencies on physiological parameter differences between the two groups [24] . For example, age, gender and BMI were different between current and former smokers (p \ 0.2) while age, gender, BMI and heart rate were different between current smokers and non-smokers. In addition, ECV values showed anomalies in two cases where the mean value was higher in the lower risk group: former versus non-smoker and impaired versus subjects with normal glucose. This could be attributed the fact that there may be differences in medication, diet and exercise between the groups. In addition, myocardial fibrosis progresses unevenly based on disease load and treatment [25] . The cohort used here was asymptomatic. It's important to note that similar anomalies were found with T1 myo,c indicating agreement between the two measures.
The results obtained here were using the MOLLI sequence. It's likely that they could be different with T1 values derived from other competing sequences such as ShMOLLI [26] or saturation recovery based T1 mapping [27, 28] since each has its own accuracy and precision properties. The correction done here is based on differences in initial concentration of contrast in the blood pool and should be independent of the use of intra or extravascular contrast agents. Contrast kinetics will vary based on the contrast agent and suitable correction can be applied for any time related variation [14] .
Evaluation of ECV entails getting accurate T1 values in pre-and post-contrast blood in addition to myocardium. With each added measure, an increase in error is expected through error propagation theory. In addition, most techniques used for T1 mapping (IR-Look Locker, MOLLI etc.) in the heart show reduced accuracy when insufficient dead time is available for regaining equilibrium magnetization. This is exacerbated at longer T1 values (such as in pre-contrast blood and myocardium) and higher heart rates and an ad-hoc correction is usually performed to correct for the bias. ECV calculation could also be sensitive to the different relaxivities of the gadolinium chelate in tissue and plasma [16, 29] . Although, T1 myo,c measurements are theoretically more accurate (being a single measure), the values show a dependency on dose and other kinetic parameters which require a correction prior to performing comparison studies. Nevertheless, T1 myo,c values continue to be used for comparison studies, especially in legacy studies as previously discussed. Pre-contrast myocardial T1 values have also been used for discrimination. While there is no dependency on tissue kinetics, accuracy of measured longer T1 values is lower as discussed above. In addition, there can be dependencies on other physiological parameters as discussed in literature.
PV adjusted T1 myo,c failed to show significance in one sub-group (current vs never smoked). Blood and plasma volume determined here were based on empirical measurements and further improvements in accuracy would result in improved correction for T1 myo,c . However, it doesn't necessarily follow that ECV and T1 pre are more sensitive to fibrosis. Conclusive evidence in the form of histological correlates could answer that question definitively.
While normalizing T1 myo,c with T1 bl,c has been employed in literature as a surrogate for correction due to physiological and dose variations, our results show that such a correction falls short as indicated by the different results obtained when compared to ECV. After normalization with T1 pl,c instead of T1 bl,c , results better match those obtained using ECV. Hypo-or hyper-volemia as seen in patients with congestive heart failure, kidney failure and liver failure can show a variation of ±8 % (mild) to severe (±24 %) variation from normal blood volume. In addition, although the total blood volume decreases with age in healthy subjects of similar body size and chronic physical activity levels [Eq. (1)] [30] , it has been shown that physical activity can negate some of the effects of aging on blood volume [31] .
We have shown that the assumption of equivalent dose based on subject weight results in significant dose related variation between subjects of same weight but different BMI, sex and age. This is due to the different plasma volumes (and lean muscle mass) expected between such subjects. This relatively large variation in true dose results in a variation in the post-contrast T1 value. Consequently, when not accounted for, this can result in erroneous comparisons between subjects. We also demonstrated much improved agreement between results obtained using postcontrast myocardial T1 and ECV after applying the adjustment. A different method for calculating equal dose (or accounting for it through normalization as done here) based on the equations and nomograms presented here would rectify the situation.
